The soybean cysteine protease inhibitor, soyacystatin N (scN), negatively impacts growth and development of the cowpea bruchid, Callosobruchus maculatus [Koiwa et al . (1998) Plant J 14: 371-379]. However, the developmental delay and feeding inhibition caused by dietary scN occurred only during the early developmental stages (the 1st, 2nd and 3rd instars) of the cowpea bruchid. The 4th instar larvae reared on scN diet (adapted) exhibited rates of feeding and development which were comparable to those feeding on an scN-free diet (unadapted) prior to pupation. Total gut proteolytic capacity at this larval stage significantly increased in the scN-adapted insects. The elevated enzymatic activity was attributed to a differential expression of insect gut cysteine proteases (representing the major digestive enzymes), and of aspartic proteases. scN degradation by the gut extract was observed only in adapted bruchids, and this activity appeared to be a combined effect of scN-induced cysteine and aspartic proteases. Thirty cDNAs encoding cathepsin L-like cysteine proteases were isolated from insect guts, and they were differentially regulated by dietary scN. Our results suggest that the cowpea bruchid adapts to the challenge of scN by qualitative and quantitative remodelling of its digestive protease complement, and by activating scN-degrading protease activity.
Introduction
Plant protease inhibitor functionality as a defence molecule against insect predation was first observed by Green & Ryan (1972) . Since that study, numerous biochemical analyses of proteolytic activities, insect feeding bioassays and transgenic plant experiments have all shown the great potential of plant protease inhibitors in delaying insect growth and development (Hilder et al ., 1987; Koiwa et al ., 1998; Schuler et al ., 1998; Mosolov et al ., 2001a) . The defensive function of inhibitors is attributed to their ability to suppress insect digestive enzymes, consequently causing insect starvation. Alternative activities other than simple protease inhibition, such as lipid transfer protein-like activity, may also play a role in their anti-insect function (Mosolov et al ., 2001b) . Proteases are classified into four groups: serine, cysteine, aspartate and metalloproteases, based on their active residues at catalytic sites. Protease inhibitors are grouped according to the proteases they inhibit (Michaud, 2000) . Most plant cysteine protease inhibitors (CPI) belong to the cystatin superfamily. They play an important role in regulating the endogenous proteolysis which is essential for plant growth and development (Koiwa et al ., 1997) , and also inhibit exogenous cysteine proteases (CP) from viruses, bacteria and insects (Arai & Abe, 2000) .
Many coleopteran insects, such as Western corn rootworm ( Diabrotica virgifera virgifera ), Colorado potato beetle ( Leptinotarsa decemlineata ) and cowpea bruchid ( Callosobruchus maculatus (F)), utilize CP as their major digestive enzymes for food protein degradation Terra & Ferreira, 1994; Matsumoto et al ., 1997; Koiwa et al ., 2000) . Pharmacological and molecular studies indicated that cathepsins B, H and L are present in the guts of numerous insects Murdock et al ., 1988; Thie & Houseman, 1990; Silva & Xavier-Filho, 1991; Michaud et al ., 1993; Gruden et al ., 1998; Koiwa et al ., 2000) . These digestive proteases can also function to degrade plant defence proteins, as exemplified by the Mexican bean weevil ( Zabrotes subfasciatus ), which possesses a protease capable of degrading the α -amylase inhibitor from the common bean (Ishimoto & Chrispeels, 1996) . Inhibition of insect enzymatic activities leads to interference with their nutrient uptake and growth. Oryzacystatin I, a rice cystatin, repressed growth of the red flour beetle ( Tribolium castaneum ) (Michaud et al ., 1995) , while potato multicystatin inhibited Western corn rootworm larval growth (Orr et al ., 1994) . The soybean CPI soyacyatatin N (scN) suppressed the digestive enzymatic activity of Western corn rootworm and Colorado potato beetle, as well as the growth and development of these pests (Zhao et al ., 1996; Koiwa et al ., 1998 Koiwa et al ., , 2000 . These results imply that plant cystatins could be good candidates for environmentally friendly coleopteran pest control.
The potential use of protease inhibitors for plant protection against insect pests is, however, complicated by the ability of insects to circumvent plant defences. Protease inhibitors induced in the potato and other plants by hormone application or through transgene expression have been found to be ineffective (Bolter & Jongsma, 1995; De Leo et al ., 1998; Cloutier et al ., 2000) . The negative impact of dietary protease inhibitors varies with insect developmental stage, suggesting that the developmental regulation of numerous protease isoforms varying in their sensitivity to a specific cystatin in the insect gut may also contribute to insect insensitivity (Orr et al ., 1994) . Multiple protease isoforms are often available to insects even at a single developmental stage (Koiwa et al ., 2000; Mazumdar-Leighton & Broadway, 2001a) . Available biochemical and molecular evidence indicates that some insects, such as Spodoptera littoralis , adapt to protease inhibitors by overproduction of existing digestive proteases (De Leo et al ., 1998) , while others selectively induce inhibitor-insensitive proteases, as has been observed in Colorado potato beetles, beet armyworm ( S. exigua ) and other insect species (Bolter & Jongsma, 1995; Jongsma et al ., 1995; Bown et al ., 1997; Cloutier et al ., 2000; Mazumdar-Leighton & Broadway, 2001b) . Attacking plant protease inhibitors themselves by direct proteolytic fragmentation is another strategy utilized by insects to minimize the adverse effects of the defence proteins on food digestion and nutrient uptake (Michaud et al ., 1995; Giri et al ., 1998) . Although these observations identified individual components of insect counter-defence, little is known of the capacity of the insects to integrate multiple adaptive strategies, or of the specific molecular mechanisms in their adaptation processes.
Using the cowpea bruchid, a serious storage pest of cowpea Vigna unguiculata L. (Walp.) as well as of other grain legumes (Taylor, 1981) , and a soybean cystatin scN, which significantly inhibited the digestive enzymatic activity of this bruchid (Zhu-Salzman & Salzman, 2001) , we investigated molecular counter-defence in this coleopteran pest stimulated by scN. Although increasing doses of scN caused high bruchid mortality, a relatively low dose of scN, similar to expression of naturally occurring defence inhibitor proteins in plants induced by herbivore attack and achievable protein expression levels in transgenic plants (Green & Ryan, 1972; Jongsma & Bolter, 1997) , only delayed insect growth and development (Koiwa et al ., 1998) . Here, we demonstrate that feeding inhibition and growth retardation caused by dietary scN only occurred during the earlier developmental stages, and that the larvae were later able to recover their normal feeding and growth in the presence of scN in the diet. The adaptation in cowpea bruchid appears to involve an increase in total proteolytic activity and an enzymatic profile shift toward scN-insensitive proteases. Modulation of two classes of digestive proteases in scN-adapted cowpea bruchid caused a degradation of scN itself. Multiple cDNAs encoding major digestive CPs were isolated, and their expression profiles were shown to be differentially regulated by cowpea bruchids to minimize the inhibitory effect of dietary scN.
Results

Cowpea bruchid can overcome the effect of scN
To detect stage-specific effects of dietary scN, larval feeding and development were monitored throughout the four instars until pupation (Fig. 1) . From the egg hatch to the third larval molt, larval development ( x -axis) on scN diet was c . 7 days longer than that on scN-free diet, which Figure 1 . Cowpea bruchids are able to adapt to dietary scN and recover their normal feeding and development. Larval feeding frequency (mean feeding events/min) was obtained using an insect feeding monitor (Shade et al., 1990) . Ten larvae on scN-free diet (᭡) and eight on scN diet (᭹) were monitored individually for 15 min/day. L1-L4: larval instars 1-4; M1-M3: larval molts 1-3; P: pupal stage.
accounted for almost the entire larval developmental delay of the cowpea bruchid caused by scN. Larval feeding frequency ( y -axis) during these three instars was also lower with larvae on scN diet than those on scN-free diet. The 4th instar larvae, on the other hand, showed comparable developmental time (7.0 days on scN diet vs. 6.5 days on scN-free diet) and feeding frequency between the two insect groups. These results indicated the presence of developmental and /or scN-induced adaptation of the insects in recovering from the initial growth suppression imposed by dietary scN.
Switching protease complement following challenge by scN To determine whether the adaptive changes in the 4th instar were part of a naturally programmed developmental process or whether they were induced by dietary scN, we compared total proteolytic activity of gut extracts from the 4th instar larvae of cowpea bruchids reared on scN diet (adapted) and on scN-free diet (unadapted). Relative to unadapted bruchids, the greater total gut proteolytic activity in adapted bruchids was consistent with their ability to sustain comparable feeding and growth rates in the presence of scN (Figs 1 and 2 ). Of this increase, approximately 50% could be attributed to the increase in scN-insensitive protease activity (Fig. 2) . The doubling of proteolytic activity insensitive to E-64, a broad spectrum CP inhibitor, in adapted gut extract compared to unadapted gut extract suggested the functional involvement of another class of digestive enzyme other than CPs. Since aspartic protease (AP) activity has also been detected in cowpea bruchid gut extract (Silva & Xavier-Filho, 1991) , we examined the effect of the aspartic protease inhibitor (API) pepstatin on total gut proteolysis (Fig. 2) . Suppression of E-64-insensitive proteolytic activity by pepstatin suggested that the reallocation of resources toward AP production in cowpea bruchids had occurred to overcome the challenge posed by the CPI. These results verify that active adaptive changes, rather than only passive tolerance, have been induced by dietary scN.
Degradation of scN involves the coordination of scN-induced CP and AP activities
To determine whether the scN-induced, scN-insensitive proteases are primarily engaged in compensation for inhibited scN-sensitive proteolytic CP activity, or whether they are more actively involved in disarming scN, we examined scN stability in gut extracts in vitro . Contrasting with its fate in the unadapted gut extract, in which it remained largely intact, scN diminished gradually with time in the gut extract from cowpea bruchids adapted to the scN diet (Fig. 3) . Thus, the scN-degrading activity indeed resulted from an adaptation to dietary scN, and not from natural developmental regulation. A protein fragment which was slightly smaller than scN was detected in adapted cowpea bruchid by Western blot with anti-scN antibody (Fig. 3) . The N-terminal sequence of the truncated scN was identical to intact scN protein, indicating that the truncation occurred at its C-terminus. Quantitative analysis of scN blots indicated that the truncated scN was as resistant to gut proteolysis as intact scN (data not shown). This implied a two-step degradation mechanism of ingested scN in the adapted gut in vivo , however, we did not detect a conversion of intact scN to the truncated form in the in vitro assay. Rather, both intact and truncated scN decreased in similar proportions (Fig. 3 ). Presumably such a truncation of scN only happens in vivo when the proteases are compartmentalized.
To investigate the nature of the major component of the scN-degrading activity, scN hydrolysis was examined in the presence of the class-specific protease inhibitors E-64 and pepstatin, that inhibit CP and AP activities, respectively. E-64 alone or in combination with pepstatin effectively protected scN from degradation, while pepstatin by itself only showed a partial protection (Fig. 4) . Therefore, scNinsensitive CP activity plays a crucial role in disarming scN, but complete proteolysis of scN requires coordination of both the CP and AP functions. Dietary scN stimulated quantitative and qualitative changes in cowpea bruchid gut proteolytic activity. scN, E-64, pepstatin and a combination of E-64 and pepstatin (respectively) were incubated with insect gut extract from unadapted and adapted larvae. Total gut activity in the presence or absence of the inhibitors was expressed as absorbance at 440 nm, a measurement of azocasein hydrolysis.
Cowpea bruchid differentially regulates its digestive CP genes upon challenge by scN
In order to gain a comprehensive understanding of scNinduced changes in insect gut CP profile, cDNAs encoding cowpea bruchid CPs were isolated from both unadapted and adapted gut cDNA libraries. The CP probe used was derived from nested PCR using degenerate primers based on the gut CP protein sequence (Zhu-Salzman & Salzman, 2001) . To maximize recovery of independent CP cDNAs and to minimize redundancy, the unamplified libraries were screened under conditions of low stringency. Consequently, 60 λ -ZAP clones from the unadapted gut cDNA library and 80 from the adapted gut library, reacting with the CP probe, were isolated. These clones were examined using a Southern blot analysis (data not shown), and 49 clones were sequenced, representing 30 different genes (Table 1) . Based on sequence similarity, they were grouped into CmCPA s, consisting of 27 cDNAs, and CmCPB s, consisting of three cDNA members (Table 1, Fig. 5a ). Amino acid sequence alignment using only full-length clones (10 CmCPAs and one CmCPB) showed 95% amino acid sequence identity among the CmCPA family, and 85% among all CmCPs (data not shown). Notably, the Asn 21 residue (of the mature protein) in all CmCPAs was substituted by His in CmCPB1 (Fig. 5b) . Changes in the size and charge in the . Coordinated CP and AP activities were required for effective scN degradation in scN-adapted cowpea bruchid. Adapted cowpea bruchid gut extract was incubated with E-64, pepstatin and the combination, followed by addition of scN (10 µg). Samples taken at various time points indicated were separated on SDS-PAGE and stained with Coomassie Brilliant Blue R. (Stubbs et al ., 1990; Fig. 5b ). CmCPs share 47-51% amino acid sequence identity within the mature CP region with cathepsin L-like CPs from western corn rootworm and fruit fly, and with human cathepsin L (Fig. 5b) , further indicating that the major digestive enzymes of cowpea bruchids are indeed multiple isoforms of cathepsin L-like proteases. The existence of a multigene family was also supported by a genomic Southern blot analysis (Fig. 6 ). Northern blot analysis indicated an overall increase in CmCP transcripts in adapted insects (Fig. 7a ), in agreement with the elevated proteolytic activity that was observed (Fig. 2) . Due to the high sequence similarity among isoforms, real-time PCR was needed to dissect the isoformspecific regulation. Real-time PCR was performed using primers specific for CmCPA1 and CmCPB1 , respectively (Fig. 7b) . CmCPB1 was expressed 116.3-fold higher in adapted insect guts than in unadapted guts, while CmCPA1 transcripts only increased 2.5-fold (Fig. 7c) . Because of the lack of sufficient sequence variation within each of the CmCPA and CmCPB groups, induction may represent a net increase of multiple genes within the family. A strong induction of CmCPB s in the adapted gut implies that they may encode products responsible for the scN-insensitive CP activity which was detected.
Discussion
Flexibility in deployment of digestive protease genes is a key determinant in insect counter-defence Upon insect attack, plants synthesize arsenals of defence chemicals including protease inhibitors, and also developmentally induce them in storage and reproductive tissues (Koiwa et al ., 1997) . Several signalling components have been identified in this plant defence response (O'Donnell Koiwa et al. , 2000) and fruit fly (DCP1, Matsumoto et al. , 1995) , and human cathepsin L (catL, Gal & Gottesman, 1988) . CmCPs were grouped into CmCPA and CmCPB based on sequence similarity. G EN B ANK accession numbers for CmCP s are: CmCPA1 , AF544834; CmCPA9 , AF544835; CmCPA11 , AF544836; CmCPA13 , AF544837; CmCPA15, AF544838; CmCPA16, AF544839; CmCPA21, AF544840; CmCPA23, AF544841; CmCPA25, AF544842; CmCPA27, AF544843; CmCPB1, AF544844. , which is presumably important for the scN-CmCP interaction. A region covering the active site cleft and nearby amino acid residues from papain (Mitchel et al., 1970; Stubbs et al., 1990 ) is boxed. Koiwa et al., 1997; Reymond & Farmer, 1998; Ryan & Pearce, 1998; Winz & Baldwin, 2001 ). However our results, along with those of others, have indicated that insects are able to minimize the impact of protease inhibitors by altering their protease complement or by degrading/ disarming of the inhibitor proteins (Bolter & Jongsma, 1995; Broadway, 1996; Bown et al., 1997; Mazumdar-Leighton & Broadway, 2001a,b) . We have demonstrated here that scN activates multiple counter-defence mechanisms in cowpea bruchid. The major digestive CPs of this insect were encoded by a multigene family. This genetic reservoir should be advantageous for insect adaptation because it offers the insect great flexibility for selectively activating different CP genes as needed to avoid specific CPIs encountered. A higher proportion of scN-insensitive protease activity in adapted gut extracts than in unadapted gut extracts, and the differential expression of CP isoforms appear to support this hypothesis. The avoidance strategy in cowpea bruchid also involves an up-regulation of APs, another class of enzymes qualitatively unaffected by the CP inhibitor. While the benefits are obvious for insects to concentrate energy resources on the isoforms least inhibited by a specific inhibitor, it should be noted that the majority of gut activity in adapted bruchids is still scN-sensitive (Fig. 2) . Presumably the scN-insensitive CPs are not as efficient as scN-sensitive isoforms when functioning as general food-digesting enzymes in an scN-free environment, and the physiological pH of cowpea bruchid is not acidic enough to provide an optimal pH for AP activity (Silva & Xavier-Filho, 1991) . The low digestive capacity of scN-insensitive CPs may result from substitutions of amino acid residues near the substratebinding site. A correlation between impeded inhibitor access and poor substrate association has been demonstrated in human cathepsin B (Illy et al., 1997) , where an occluding loop can block its binding to protein inhibitors. When this loop was deleted, the affinity of the enzyme to both substrates and inhibitors increased substantially. Therefore, the continuous production of scN-sensitive digestive enzymes in scN-adapted insects could provide insects with a quantitative increase in proteases to outnumber the inhibitors. Apparently, this is more efficient in overall resource usage than completely shifting to scN-insensitive, but likely less efficient, proteases.
The digestive degradation of scN by the adapted insect gut extract indicated another crucial function of scN-insensitive proteases, beyond mere quantitative compensation for the inhibited proteolytic activity. Since plant defensive proteins themselves are also targets of the digestive proteases, they are subject to being disarmed. However, scN degradation, which requires the presence of both AP and CP activities for completion, was detected only after insects had been challenged by scN. In humans, the aspartic protease cathepsin D can degrade various cystatin superfamily inhibitors (Lenarcic et al., 1991) . Moreover, papain can cleave and inactivate the low-affinity variants of chicken cystatin in vitro (Machleidt et al., 1995) . Apparently, the proteolytic fragmentation of scN by scN-induced, scNinsensitive proteases can free scN-sensitive proteases that have a higher digestion capability. Cooperation of both scN-sensitive and -insensitive proteases permits sufficient nutrient intake and therefore, both are likely to be necessary for recovery of normal growth of the cowpea bruchid. scN may be degraded by a two-step mechanism in vivo, as we detected a C-terminal truncated form of scN in adapted gut extract. The biological significance of this truncation is not clear, as a short C-terminal deletion did not remove its papain-inhibitory activity (data not shown), similar to the result shown with oryzacystatin (Abe et al., 1988) . It is probable that this initial hydrolysis of scN, likely occurring more toward the anterior end of the alimentary canal, can impact its interaction with gut CPs, or compromise its structural integrity to some extent, which facilitates further degradation of scN in vivo as the digestion process continues. The disarming of plant defence proteins by insect digestive enzymes has been reported in several insects (Michaud et al., 1995; Ishimoto & Chrispeels, 1996; Giri et al., 1998) . Our study has shown, for the first time, that a single insect species can integrate several counter-defence strategies in response to challenge by a plant defence protein. scN-Induced, scN-insensitive and scN-hydrolysing proteolytic activity may play an essential role in bruchid adaptation to plant protease inhibitors, and creates a major obstacle to the use of protease inhibitors for bruchid control via a biotechnology-based approach.
While some CP transcripts were induced by dietary scN, the down-regulation of others may also have occurred, as has been observed in several other insect species where certain members of major digestive enzyme families were suppressed by dietary inhibitors (Bown et al., 1997; Mazumdar-Leighton & Broadway, 2001b) . The specific detection of down-regulated CPs in the cowpea bruchid, however, could be masked by a very high sequence similarity among the clones isolated. This lack of sequence variation contrasts with a much greater sequence diversity among the serine protease gene family found in some lepidopteran insects (Bown et al., 1997; Mazumdar-Leighton & Broadway, 2001b) . Perhaps the cowpea bruchid can alter the affinity of its digestive CPs to scN protein by using forms which are only slightly modified in their gene sequences, presumably at the region crucial for scN binding. Individual expression and functional analyses of cloned genes may shed light on the complex regulation of digestive proteases and its role in facilitating insect adaptation to plant defence.
A high-dose strategy is necessary to suppress insect counter-defence Either direct inhibition of amino acid uptake or oversynthesis of digestive enzymes could cause a temporary shortage of essential amino acids in insects challenged by protease inhibitors (Jongsma & Bolter, 1997) . Once insects had recovered from the temporary difficulty, the impact of scN became insignificant. However, this recovery process was only observed with cowpea bruchid challenged by a relatively low-dose of scN (Koiwa et al., 1998) . Similar phenomena were also observed in several transgenic insect control systems (De Leo et al., 1998; Cloutier et al., 2000) . Presumably, a small number of free CPs is sufficient to provide needed amino acids for survival and for building counter-defence, unless the number of scN molecules exceeds a certain threshold and they sequester all digestive CPs and prevent the synthesis of sufficient replacement enzymes. Therefore, if protease inhibitors are to be used as cowpea bruchid control agents in biotechnology, a high-dose strategy will be crucial. Once insects survive their most vulnerable initial encounter with a protease inhibitor, the readjustment of their digestive system renders them unaffected by the inhibitor and may cause higher food consumption as these bruchids have to maintain both higher CP expression and a normal rate of development.
Only when we understand the regulation of the full complement of insect digestive proteases will we be able to effectively target them via protease inhibition as a pest control measure. It has been suggested that the best protease inhibitor candidates are most likely to be of non-host origin (Harsulkar et al., 1999) , since these would not have imposed a selection pressure on the insect, resulting in the development of proteases insensitive to these inhibitors. As an example, Colorado potato beetle proteases are insensitive to potato protease inhibitors, but were effectively suppressed by equistatin, a CPI from the sea anemone (Gruden et al., 1998) . Alternatively, highly potent and specific inhibitor molecules can also be generated by directed in vitro molecular evolution, followed by phage display selection (Koiwa et al., 1998) . The structural stability of protease inhibitors must also be considered when selecting candidate inhibitor genes for effective pest management. Co-expression of various CPI genes targeting various CPs, constitutive or induced, or targeting both CP and AP inhibitors will presumably have the potential to greatly increase the range of proteases in the cowpea bruchid population that are inhibited in an effective manner. However, insect counter-defence probably involves many proteins other than those directly targeted by plant defensive molecules. Dissection of the functions of all proteins involved will be essential in furthering our understanding of insect counter defence as a whole.
Experimental procedures
Purification of recombinant soyacystatin Bacterially expressed recombinant scN was obtained following the methods of Koiwa et al. (2000) . Briefly, bacterial strain BL21 harbouring a construct containing the cDNA encoding scN was grown at 37 °C until an OD 600 of 0.5-1.0 was reached. Recombinant protein production was then induced with 1 mM isopropyl-D-thiogalactoside overnight at 18 °C. Cells were disrupted by sonication, and recombinant proteins were purified via a Ni 2+ chelate affinity column (Amersham Pharmacia Biotech). Purified proteins were then dialysed against distilled water and lyophilized.
Monitoring of cowpea bruchid feeding and development
Decorticated cowpea seeds, California Blackeye no. 5, were ground into a fine powder, and scN protein at a dose of 2000 p.p.m. was incorporated. Ten 28 mg, cylindrical artificial seed pellets (4.0 mm in diameter, 1.6 mm high) were made using a mechanical press, coated with 8% gelatin, and each pellet was infested with one viable cowpea bruchid egg. Control artificial pellets without scN were made and infested in the same manner. Larval feeding was monitored using the insect feeding monitor, a device that detects and records the ultrasonic feeding events generated by hidden bruchid larvae inside the artificial seed pellets and enables a precise determination of insect developmental stages (Shade et al., 1990) . For 24 of the 29 sampling days, 15-min feeding data were recorded for each infested pellet per day until feeding ceased. The mean feeding events of control and scNreared insects are presented in Fig. 1 . Eight out of 10 scN-feeding larvae and all 10 control larvae completed development and emerged as adults. Unusually slow feeding individuals (feeding rates less than 10% of the mean value) caused by larvae being in molt or by death on any given day were removed from the population. Adjusted mean feeding rates shown in Fig. 1 were calculated based on an average of 7.7 actual feeding larvae per sample day for the control insects, and 6.6 for the scN-feeding insects.
Obtaining cowpea bruchid guts and gut extract Fifteen 200 mg artificial cowpea seeds, with or without 2500 p.p.m. scN incorporated, were made as described by Shade et al. (1986) , and each was infested with five to eight cowpea bruchid eggs. The infested artificial seeds were placed in a growth chamber at 26 °C and 60% r.h. When translucent, black windows appeared on the artificial seeds, the seeds were cracked open and the 3rd and 4th instar larvae removed. Insect guts were collected as described by Kitch & Murdock (1986) , homogenized in dissection buffer (100 mM sodium acetate, 1 mM EDTA, pH 5.5) and centrifuged at 10 000 g for 10 min. The supernatant was collected for various proteolytic tests.
Inhibition of total gut protease activity
Total protease activity at the physiological pH of cowpea bruchid guts (5.5) was determined following the methods of Michaud et al. (1994) . Gut extract (0.5 guts per reaction) was incubated with H 2 O, the cysteine protease inhibitors scN (10 µg) or trans-epoxysuccinyl-L-leucylamido (4-guanidino)-butane (E-64, 2 µg), or the aspartic protease inhibitor pepstatin (2 µg), or a combination of E-64 and pepstatin (2 µg + 2 µg), respectively, at room temperature for 20 min, then mixed with 20 µl of assay buffer (100 mM sodium acetate, pH 5.5, 5 mM L-cysteine, 0.1% (v/v) Triton (100) and 60 µl of 2% (w/v) azocasein diluted in assay buffer for 6 h at 37°C. After proteolysis, 300 µl of 10% trichloroacetic acid was added to the mixture to remove the residual azocasein by centrifugation. Supernatant (350 µl) was added to 200 µl of 50% ethanol, and the absorbance at 440 nm of this mixture was measured using a Beckman DU 64 spectrophotometer. Absorbance of the sample without proteolysis was used to zero the machine. Gut proteolytic activity was expressed as OD 440 and was plotted using KALEIDA-GRAPH (Abelbeck Software).
Protein electrophoresis, immunoblot analyses and N-terminal amino acid determination Gut extracts (0.2 guts for each time point) from unadapted or adapted bruchids were incubated at 37 °C with 10 µg of scN for 0, 2, 5 and 10 h, respectively. Digestion products were resolved on tricine SDS-PAGE (15% gel), and stained with Coomassie Brilliant Blue R-250. Gut extracts alone were also loaded on the gel for comparison. For Western blot analysis, one-tenth of the above digestion reactions were subjected to tricine SDS-PAGE followed by transfer to a nitrocellulose membrane. Immunoblot analysis was carried out with antiscN antibody (Koiwa et al., 1998) . The N-terminal amino acid sequence of particular protein fragments was determined following the methods of Zhu-Salzman & Salzman (2001) . Incubation of the adapted gut extract with scN in the presence of E-64, pepstatin or a combination of the inhibitors was also performed. Approximately 60 guts from unadapted or adapted cowpea bruchids were collected as described above and used for mRNA extraction with a QuickPrep micro mRNA purification kit (Amersham Pharmacia Biotech). λ-ZAP cDNA libraries were constructed using a Clontech cDNA library construction kit and packaged with Gigapack III Gold Packaging Extract (Stratagene). Both primary cDNA libraries consisted of over 1 × 10 6 plaque-forming units, and both had a 94% recombination efficiency.
Cloning of the major digestive CP genes from cowpea bruchids Two nested 5′-degenerate primers were synthesized based on the N-terminal amino acid sequences of the purified cysteine proteases from cowpea bruchid gut extract (Zhu-Salzman & Salzman, 2001) . Oligo(dT) was used as the 3′ primer. The nested PCR products using total cDNAs as templates were blunt-end ligated into the cloning vector pBC (Stratagene) at the EcoRV site, and subjected to sequencing analysis using an ABI 377 DNA Sequencer. A resulting clone with significant sequence homology to cathepsin L and cathepsin L-like proteins was used as the probe for screening the primary cDNA libraries at low stringency (2× SSC with 0.1% SDS at room temperature). λ-ZAP clones showing a visible reaction with the 32 P-labelled probe were isolated, screened to plaque purity, and converted to pTriplEX2 plasmid (Clontech). The sequences of cDNA inserts were determined and aligned using Biology WORKBENCH 3.2 software <http://workbench.sdsc.edu/>. The sequence clustering plot was obtained using GENEBEE -Molecular Biology Server <http:// www.genebee.msu.su/genebee.html>.
Northern blot analysis
Total RNA was extracted from unadapted and adapted cowpea bruchid guts using an RNeasy Mini Kit (Qiagen). Seven µg of each total RNA was electrophoresed on a 1.2% formaldehyde agarose gel, visualized with ethidium bromide, and transferred to a nylon membrane.
32
P-labelled CP cDNAs were used as probes for Northern hybridization.
Genomic DNA extraction and Southern blot analysis
Approximately 30 dissected cowpea bruchid guts were homogenized in 200 µl STE buffer (0.1 M NaCl, 10 mM Tris, 1 mM EDTA, pH 8.0), followed by the addition of 100 µg of proteinase K and 20 µl of 10% SDS. The mixture was incubated at 55 °C for 2 h with occasional mixing. After phenol/chloroform/isoamyl alcohol (25 : 24 : 1) and chloroform/isoamyl alcohol (24 : 1) extractions and centrifugation, the upper phase was transferred to a new Eppendorf tube, into which 0.1 volume of 2 M NaCl and 2.5 volumes of ice-cold ethanol were added. After incubation at −20 °C for 30 min, the precipitated DNA was centrifuged, washed with 70% ethanol, air-dried and resuspended in 100 µl TE buffer (10 mM Tris, 1 mM EDTA, 20 µg/ml RNase, pH 8.0).
Forty µg of genomic DNA was restricted with EcoRI and HindIII, respectively, resolved on a 0.7% agarose gel, transferred to a nylon membrane, and hybridized with 32 P-labelled CmCPA1 obtained from cDNA library screening. The filter was washed at room temperature for 30 min each in 4×, 2×, 1× and 0.1× SSC, respectively, each with 0.1% SDS, and finally in 0.1× SSC, 0.1% SDS at 65°C for 1 h.
Real-time PCR
The mRNA levels of two selected CP genes, CmCPA1 and CmCPB1, were compared between unadapted and adapted cowpea bruchid guts by real-time PCR using the ABI Prism 7900HT Sequence Detection System (Applied Biosystems, Foster City, CA). The gene specific primers were as follows: 5′-GGATCGTGAAGAAT TCTT-GGGGAG-3′ and 5′-ACAGAAGAATGGGGTAAGTGT TGTAGTAGT-3′ derived from CmCPA1, and 5′-AAGAATCGTATCCT TACAAA-GCCAAA-3′ and 5′-CAAT T TCCTGT TCATTCAAAAGTAAGTG-3′ corresponding to CmCPB1. The PCR products were 113 bp and 104 bp long for fragments from CmCPA1 and CmCPB1, respectively. Total RNA (500 ng) from each insect group was reverse transcribed using an ABI Taqman Reverse Transcription Kit for PCR. Non-template controls were not subjected to reverse transcription. PCR reactions (95 °C for 15 s, 60 °C for 1 min, 47 cycles), following an initial incubation of 50 °C for 2 min and 95 °C for 10 min, were performed in 2× SYBR Green Master Mix (Applied Biosystems). PCR amplification of 18S rRNA from both samples was performed using 2× Taqman Universal PCR Master Mix as sample loading control and for normalization between samples. Each PCR reaction was run in triplicate. PCR products were also subjected to sequencing to confirm their identities.
